BACKGROUND: Failure to reliably diagnose ARDS may be a major driver of negative clinical trials and underrecognition and treatment in clinical practice. We sought to examine the interobserver reliability of the Berlin ARDS definition and examine strategies for improving the reliability of ARDS diagnosis.
Reliable clinical diagnostic criteria are essential for any medical condition. Such criteria provide a framework for practicing clinicians so that they can consistently identify patients who have a similar response to medical treatment. 1 Reliable clinical diagnostic criteria are also necessary to advance medical research, helping researchers identify patients for enrollment into translational studies and clinical trials. Clinicians' failure to reliably identify ARDS may be a driver of negative ARDS clinical trials and slow progress in understanding ARDS pathobiology. [2] [3] [4] [5] This failure may also contribute to the underrecognition and undertreatment of patients with ARDS in clinical practice. 6, 7 The 2012 revision to the ARDS definition sought to improve the validity and reliability of the previous American-European Consensus Conference definition. 8 However, the Berlin definition's success in improving the reliability of ARDS diagnosis in clinical practice is unknown. There has not been a rigorous evaluation of the interobserver reliability of the new Berlin ARDS definition or any of the specific nonradiographic ARDS clinical criteria. 9, 10 Moreover, although early institution of lung-protective ventilation is the major tenant of ARDS treatment, [11] [12] [13] it is also unknown how closely clinicians agree on the time point when a patient meets all ARDS criteria.
In this study, we examined the interobserver reliability of each aspect of the Berlin ARDS definition. We hypothesized that an ARDS diagnosis and individual ARDS criteria would have low reliability when applied to patients with hypoxic respiratory failure. We specifically examined patients with a PaO 2 /FIO 2 ratio # 300 while they were receiving invasive mechanical ventilation, as this is the patient population in whom early identification of ARDS is most important for implementing current evidencebased treatments. We sought to answer the following questions: How reliable is the Berlin definition of ARDS in this population and what are the major factors that explain differences in diagnosis? As patients evolve over time, can physicians agree on the time when all criteria are met? Which of the potential targets for improvement would yield the highest overall increase in diagnostic reliability?
Methods
We performed a retrospective cohort study of 205 adult patients (aged $ 18 years) who received invasive mechanical ventilation in one of four ICUs (medical, surgical, cardiac, and trauma) at a single tertiary care hospital during two periods in 2016. Patients were identified consecutively from January through March and from October through November 2016. Patients were excluded if they did not have a documented PaO 2 /FIO 2 ratio # 300 while receiving at least 12 hours of invasive mechanical ventilation or if they were transferred from an outside hospital.
ARDS Reviews
Eight critical care-trained clinicians (four faculty and four senior fellows) reviewed patients to determine whether ARDS developed during the first 6 days of a patient's hospitalization. Patients were assigned among clinicians so that each patient was independently reviewed by three clinicians. The number of patients reviewed by clinicians ranged from 25 to 139.
To increase the uniformity of reviews, clinicians were provided a detailed summary sheet of clinical data as they reviewed each patient's electronic records and chest images. Summary sheets included a graphic display of all PaO 2 /FIO 2 values and the periods when patients received $ 5 mm H 2 O positive end-expiratory pressure during invasive or noninvasive ventilation (e-Appendix 1).
An electronic ARDS review questionnaire was developed for the study in REDCap (e-Appendix 1). The questionnaire asked whether patients met each Berlin ARDS criterion individually and prompted the clinician to personally review each chest radiograph individually. Explicit instruction on whether or not to review the radiologist's report while reviewing chest imaging was not provided. The questionnaire then asked whether ARDS developed within the 24 hours after onset of invasive mechanical ventilation or at any point during the first 6 days of hospitalization. If the clinician believed that the patient had developed ARDS, they were then prompted to provide the time when all ARDS criteria were first met. Questions about individual ARDS criteria or ARDS diagnosis had yes or no answers and were followed by questions assessing confidence in the answer ("equivocal, slightly confident, moderately confident, highly confident").
The ARDS review tool was developed iteratively to ensure clarity of questions and minimize ambiguity in responses. 14 The tool and patient summary sheets were used by all clinicians on a training set of four patients not included in the main study. Clinicians were also provided the chest radiographs associated with the published Berlin definition for additional prestudy training. 15 
Statistical Analysis
To calculate interobserver reliability of ARDS diagnosis, the kappa for multiple nonunique raters 16 was used because of its common use in studies evaluating ARDS diagnostic reliability. To qualify agreement, kappa values of 0.8 to 1 were defined as almost perfect agreement, 0.61 to 0.8 as substantial agreement, 0.41 to 0.6 as moderate agreement, and 0.21 to 0.4 as fair agreement, and < 0.2 as poor agreement. 17 CIs of kappa scores were calculated by taking 95% interval estimates after bootstrap resampling patients with 10,000 replications. We also calculated raw agreement between clinicians, agreement among ARDS cases (positive agreement), and agreement among non-ARDS cases (negative agreement). For patients considered to have acquired ARDS by at least two of three reviewers, the difference in the time when ARDS criteria were met as reported by each clinician was examined.
To better understand why clinicians disagreed about the diagnosis of ARDS, we used linear mixed models to examine how differences in ARDS diagnosis were related to differences in a clinician's assessment of individual ARDS criteria. An empty model of ARDS reviews nested within patients was fit, treating the patient as a random effect, and the intraclass correlation coefficient (ICC) was calculated. The ICC represents the correlation in ARDS diagnosis among reviews of the same patient or the proportion of variance in ARDS diagnosis explained by the patient. The rating of each individual ARDS criterion was then added as a model covariate, the model was refit, and the residual ICC was calculated. The percent change in ICC between both models represents the proportion of variability in ARDS diagnosis explained by the individual ARDS criteria. 18 To estimate the improvement in the reliability of ARDS diagnosis when independent reviews performed by three clinicians are combined, we calculated the ICC and used the Spearman-Brown prophecy formula to calculate the estimated reliability of ARDS diagnosis when three independent reviews are averaged. 19 Because individual ARDS criteria have differing prevalence rates in the cohort, and the acute-onset criterion had extremely high prevalence, we calculated multiple measures of agreement to evaluate and compare the reliability of each individual ARDS criteria. In this setting, the use of Cohen's kappa to calculate interobserver reliability is controversial, and calculation of additional measures of agreement are recommended. [20] [21] [22] Further details are provided in e-Appendix 1.
To estimate how improvements in the reliability of an individual ARDS criterion could impact the reliability of ARDS diagnosis, we performed statistical simulations. We simulated scenarios in which there was increasing agreement in an individual ARDS criterion and evaluated the effect on the reliability of ARDS diagnosis. For these simulations, ARDS diagnosis was based on meeting all ARDS criteria. Details of the simulation are provided in e-Appendix 1.
Statistical analysis was performed using Stata 14 (StataCorp LLC). The Institutional Review Board of the University of Michigan approved the study (HUM00104714).
Results
Among 205 patients with a PaO 2 /FIO 2 ratio # 300 while receiving invasive mechanical ventilation, 61 patients were thought to have acquired ARDS by at least two of three clinicians. Table 1 describes characteristics of the cohort stratified by whether a majority of clinicians believed that they had acquired ARDS. Patients with ARDS had a lower minimum PaO 2 /FIO 2 ratio and longer durations of mechanical ventilation.
There was "moderate" agreement (interobserver reliability) among clinicians in the diagnosis of ARDS (Fig 1) . Diagnosis of ARDS within 24 hours after the onset of mechanical ventilation had a kappa of 0.47 (95% CI, 0.36-0.57) for agreement, and the diagnosis of ARDS at any point during the first 6 days of hospitalization had a kappa of 0.50 (95% CI, 0.40-0.59). Clinicians had higher agreement rates about patients who did not to acquire ARDS (84%) compared with patients who did acquire ARDS (66%). Sixty-seven percent of the disagreement in the diagnosis of ARDS was explained by differences in how clinicians interpreted chest images. Risk factor identification and cardiac edema exclusion explained 15% and 7% of the disagreement, respectively, whereas the acute-onset criterion explained 3% (e- Table 1 ). Among individual ARDS criteria, the criterion with the lowest agreement depended on the measure of agreement used (e- Tables 2, 3 ).
The median difference in time when two clinicians thought a patient met all ARDS criteria was 6 hours (interquartile range, 2-22 hours). Among patients who met ARDS criteria within the first 48 hours, the median difference was 5 hours, whereas the difference was 13 hours for patients who met criteria after 48 hours (e -Fig 1) . In 262 of 615 reviews, a clinician believed that a patient met all individual ARDS criteria at some point (ie, there was at least one consistent chest radiograph and other criteria were met), and in 74% of these reviews, the clinician believed that all ARDS criteria were present simultaneously and that the overall presentation was consistent with ARDS. In-hospital mortality 22 39
Results are percentages unless otherwise stated. IQR ¼ interquartile range. a ARDS status determined based the simple average of three independent reviews.
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Combining reviews made independently by clinicians and averaging them substantially improved the reliability of ARDS diagnosis (Fig 2) . When the diagnosis of ARDS during the first 6 days of hospitalization was made by a combination of three independent reviews instead of a single review, reliability improved from a kappa of 0.50 (95% CI, 0.42-0.58) to a kappa of 0.75 (95% CI, 0.68-0.80).
A clinician's confidence that ARDS had developed was generally consistent with assessments of other clinicians reviewing the same patient (Fig 3) . When a clinician had "high confidence" that ARDS had developed, both other clinicians agreed in 72% of reviews. Similarly, when a clinician had "high confidence" that ARDS did not develop, both other clinicians agreed that ARDS did not develop in 85% of reviews.
Simulations were performed to understand the potential effect of improving the reliability of individual ARDS criteria on the overall diagnosis. Improving the reliability of chest imaging interpretation resulted in a much larger improvement in the reliability of ARDS diagnosis, increasing kappa by up to 0.29, compared with other ARDS criteria (Fig 4) . For example, improving the reliability of cardiac edema exclusion resulted in an improvement in the reliability of ARDS diagnosis by a kappa increase of up to 0.07. A 50% improvement in the reliability of chest radiograph interpretation, the amount expected if three clinicians independently reviewed chest radiographs, improved diagnostic reliability by a kappa of 0.15.
Discussion
Clinicians had only moderate interobserver agreement when diagnosing ARDS in patients with hypoxic respiratory failure under the Berlin criteria, and the major driver of this variability was differences in how 
Interobserver reliability of ARDS between two individual clinicians
Interobserver reliability of ARDS between two groups of 3 clinicians Figure 2 -Interobserver agreement between two individual clinicians applying the Berlin ARDS definition and the interobserver agreement between two groups of three clinicians. In this approach, individuals perform ARDS reviews independently, and the group assessment is the combined average of three clinicians' individual assessments. Interobserver agreement is calculated using the intraclass correlation coefficient. chest images were interpreted. Strategies such as combining multiple independent reviews made by clinicians or using a clinician's confidence in their review can increase the uniformity of the diagnosis of ARDS. When a simple majority of clinicians diagnosed a patient with ARDS, they agreed closely on the time when all ARDS criteria were present if onset was during the first 48 hours of hospitalization.
The current study builds on previous work examining interobserver agreement of the ARDS radiographic criteria of bilateral infiltrates. In 1999, Rubenfeld et al 9 presented chest radiographs to experts involved in ARDS clinical trials and found that they had only moderate agreement when asked which images were consistent with the American European Consensus Conference 1994 ARDS definition, with a kappa of 0.55. Meade et al 10 found similar reliability in chest radiograph interpretation in a study performed in 2000, but they also found that reliability could improve after consensus training. The current study shows how low reliability in the current ARDS Berlin definition is primarily due to differences in chest radiograph interpretation, whereas other ARDS criteria make smaller contributions.
These results highlight a need for better approaches to identifying patients with bilateral airspace disease.
Whether additional training improves reliability of chest radiograph interpretation is uncertain. Although the Meade et al 10 study showed that some reliability improvement is possible, another recent study evaluating the effect of additional training on chest radiograph interpretation among intensivists failed to show significant improvement. 23 Alternative approaches might include increasing the use of CT, 24 lung ultrasonography, 25, 26 or automated processing of digital images, 27 or greater engagement with radiologists as independent reviewers.
Decisions about ARDS diagnosis should be made with specific treatments in mind, and the need for diagnostic certainty should be directly related to the potential harms of a particular treatment. 28, 29 The diagnostic certainty required to administer low tidal volume ventilation, a treatment with minimal harm, should be much lower than that for prone positioning, a treatment with potential harms. 30, 31 With the 2017 ARDS mechanical ventilation guidelines recommending prone positioning for severe ARDS, the need for precise ARDS diagnosis exists. 13 The current study suggests that clinicians should seek out colleagues to evaluate patients independently when higher certainty is required. In scenarios in which other clinicians are unavailable, diagnostic confidence is also a meaningful measure. In the current study, when a clinician diagnosed ARDS with "high confidence," other clinicians agreed with the diagnosis in most cases.
When independent reviews by three clinicians were combined, ARDS diagnostic reliability improved from a kappa of 0.50 to a kappa of 0.75. Such an improvement Individual ARDS criteria Figure 4 -Potential for improvement in the reliability of ARDS diagnosis after improvements in individual ARDS criteria. Improvement in the reliability of individual ARDS criteria on the effect on ARDS diagnosis was simulated with assumption details described in e-Appendix 1. Absolute improvement in the reliability of ARDS diagnosis is calculated as the difference in the reliability of ARDS diagnosis before and after the reliability of the individual ARDS criteria was improved.
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would have a major impact on ARDS clinical trials. Previous work suggests that improving the reliability of ARDS diagnosis from a kappa of 0.60 to a kappa of 0.80 could lower the sample size necessary to detect a clinically important effect by as much as 30%. 4 Although independent triplicate review of patients might be technically difficult during prospective trial recruitment, one compromise is requiring that chest images be reviewed in triplicate, which would still substantially improve ARDS diagnosis reliability. Considering a clinician's confidence in the ARDS diagnosis has also been explored in ARDS clinical research. In work by Shah et al, 32 known ARDS risk factors were more strongly associated with the development of ARDS when patients categorized with an "equivocal" ARDS diagnosis were excluded from analysis.
The current study has some limitations. Although the cohort of patients in this study was selected from four ICUs, including medical, surgical, cardiac, and trauma, reviewing patients from other populations or centers may produce different results. The study was also limited to patients with hypoxic respiratory failure. As measures of interrater reliability are dependent on the populations in which they are examined, results in populations with different patient mixes may vary.
Reviews were performed by a group of eight investigators, including four faculty and four senior fellows, a number that is similar to many investigations of ARDS reliability, 10, 32, 33 but reliability may differ among other clinicians. Finally, reviews were retrospective, and it is unknown whether the reliability of ARDS diagnosis is similar when patients are evaluated prospectively, as performed in clinical practice. In this situation, clinicians cannot evaluate a patient's entire course of illness when assessing ARDS, but they may also have access to additional information not recorded in a medical record. However, evaluation of chest images for bilateral infiltrates consistent with ARDS, the main driver of low reliability, may be expected to be similar.
Conclusions
We found the interobserver reliability of ARDS diagnosis among clinicians to be only moderate, driven primarily by the low reliability of the interpretation of chest images. Combining independent reviews of patients increased reliability substantially and should be performed whenever possible when diagnosing ARDS. Efforts to improve detection of bilateral lung infiltrates on chest images should be prioritized in future ARDS diagnostic research.
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